In light of a growing research interest in the innovation potential that lies at the intersection of design, technology, and science, this paper offers a literature review of design initiatives centered on scientific discovery and invention. The focus of this paper is on evidence of design capabilities in the academic research environment. The results are structured along the Four Orders of Design, with examples of design-in-science initiatives ranging from (1) the design of scientific figures and (2) laboratory devices using new technology to (3) interactions in design workshops for scientists and (4) interdisciplinary design labs. While design capabilities have appeared in all four orders of design, there are barriers and cultural constraints that have to be taken into account for working at or researching these creative intersections. Modes of design integration and potentially necessary adaptations of design practice are therefore also highlighted.
Introduction
Two parallel trends mark the research landscape on the future of design: in one lane of research, there is increasing recognition that design (in the sense of creating and modeling any kind of physical and virtual artefacts) plays an important role in innovation. In this lane, one finds studies on design-driven organizations and the value of design for business. In the parallel lane, the academic research environment is itself under study as a source of innovation: from the difficulties academic innovators face in translating discoveries from the laboratory bench to the user, to breakthrough technologies that could lead to solutions for global challenges such as climate change.
At the crossing of these two research streams, the design community is exploring the interplay between design, technology, and science in relation to the changing role of design in the context of innovation (Cautela, Dell'Era, Magistretti, Öberg, & Verganti, 2017) . The design-technology-science (DTS) intersection is developing into a research field with an uptick in studies and published materials over the past years, including the launch of the Journal of Design and Science in 2016 (MIT Press, 2016) . This paper is a literature review centering on the DTS intersection and shows initiatives, collaborations, and studies that introduced design capability, either temporarily or permanently, into the academic research environment or strengthened existing capabilities. Collaborative work taking place between designers, scientists, design schools, study programs, and scientific laboratories is currently highly relevant, since both scientific studies (e.g., Acklin & Wanner, 2017) and government-issued reports (e.g., Sainsbury of Turville, 2007) have arrived at the conclusion that significant benefits can be expected from collaboration between design and science, although the specific contribution of the two aspects remains to be elucidated.
Before delving into the evidence from the literature, a brief definition of terms is warranted, as both of the key concepts in this paper, design and science, encompass vast areas of application and may differ in meaning depending on the exact context of usage. A detailed comparison of the similarities and differences between design and science can be found in a review on the subject by Peralta and Moultrie (2010) .
Science is concerned with producing knowledge and testable assertions (Bonsiepe, 1995) , with the generated knowledge from systematic study being expressed in a variety of forms such as models and theories, thus creating intellectual value (Simeone, 2016) . These activities are typically, but not necessarily, based in scientific institutes. The focus of this review is the academic research environment at universities and research centers as opposed to commercial industrial operations. Scientific discoveries, inventions, and new technologies can form the basis of emerging business operations as shown in Figure 1 . (Driver, Peralta, & Moultrie, 2012, p. 20) . Although this figure suitably shows the focus of this review (gray box), the original authors of the figure note that the true complexity of this process is not captured in a simplified linear depiction. Other authors echo this ecosystem view (Hudson & Khazragui, 2013) .
In business, the value of design and designers is recognized (Hernandez, Cooper, Tether, & Murphy, 2017) . Organizations are expanding their understanding of design beyond concerns of aesthetics and function, with investigations into the impact of design indicating that design-centric organizations show above-average economic performance (Westcott et al., 2013) . This effect has been investigated especially in relation to the development of new products, where companies with a high design intensity, as expressed by their investment in industrial design, experience significantly better company performance (Gemser & Leenders, 2001) . In contrast, the potential impact of design in academia has scarcely been explored (Moultrie, 2015) .
Design itself is an ambiguous term with many definitions ranging from general to discipline-specific. In order to make sense of the various meanings under the umbrella of design, scholars have identified ways of grouping or classifying types of design. This paper follows Richard Buchanan's (1992 Buchanan's ( , 2001 ) model of the Four Orders of Design (FOD) and uses it as a means of categorizing examples from the literature on design-in-science initiatives. The FOD model was selected because it offers definitions and a suitable number of design subtypes, unlike broader differentiations that are e.g. based on a goods-dominant vs. service-dominant logic of design (Eneberg & Holm, 2015) . Additionally, the FOD model has already been employed by design scholars as the basis for design conceptualizations and as a tool for the analysis of design processes, as will be described in the following.
In the FOD model, design outcomes both by professional designers and those not necessarily considering themselves to be designers can be any of the following: (1) symbols, (2) material objects, (3) activities and services, and (4) systems and environments (Buchanan, 1992) . Initially, the FOD were not called orders. Rather, Buchanan wrote about the placement of design in these four areas or places of invention and cautioned against equating one area with one major design field such as graphic design or product design (Buchanan, 1992) . In practice, all orders are interconnected and have an impact on each other. For example, a system may be made up of objects that are connected through activities. In analyzing the history of design, Buchanan argues that a progression through the FOD can be seen, with designers' focus appearing to shift from the first and second orders in the 20th century to the third and fourth orders in the 21st century (Buchanan, 2001) . Eneberg and Holm (2015) highlight the immaterial aspect of the higher orders, where "Buchanan describes an offering that is becoming increasingly intangible" (Eneberg & Holm, 2015, p. 12) .
The approach of looking through the lens of the four orders can be found, for instance, in the case study of a fashion magazine by Nylén, Holmström, and Lyytinen (2014) , where the transformation from print to digital magazine design is described as oscillating between the FOD and posing challenges on several orders in parallel. The authors use a timeline of design decisions categorized into the FOD to trace the design process. This approach allows them to then analyze the relationships between the FOD in digital design and to identify co-dependencies between orders. In a design process spanning multiple orders, ripple effects can occur since a design decision in one order may set constraints and entail related design decisions in another higher or lower order (Nylén et al., 2014) .
A second example of the FOD lens being used is a case study on improving the Australian Income Tax Act (Golsby-Smith, 1996) , in which the author describes how third-order design was employed: in this case study, the design approach went beyond the delivery of the product, namely a redesigned, rewritten piece of tax legislation. Instead, the design team recognized that with complex, perpetually changing legislation "the value to be delivered […] is ongoing capability to handle the designing process" (Golsby-Smith, 1996, p. 12) . The author additionally reflects on aspects that can be considered fourth-order design, for instance the design team's discussion of the wider purpose of the Tax Act project (Golsby-Smith, 1996) . A further study focusing on the third and fourth orders is Breslin's (2008) perspective on the design of retail centers of a postal service.
Similar to the approach of the above-cited authors, this paper is centered on applying the FOD model to a specific area, in this case design-in-science initiatives, in order to address the question to what extent design capabilities are integrated into professional operations in the academic research environment.
The four orders of design in science
The previous section introduced the FOD and explained how they can be used as an analysis tool in studying design. In this section, examples are given of design-in-science initiatives as they can be found in the literature to date. One section is dedicated to each of the four orders. Some of the examples appear multiple times in different orders of design, underlining how several aspects of design can be found within one project and stressing Buchanan's point that each order is interconnected with the others (Buchanan, 1992) .
First order
First-order design is firmly placed in a world of visual communication through signs and symbols. It is thus closely related to graphic design, yet it does not overlap fully with this design profession (Buchanan, 1992) . Examples of the connection between visual design and science are numerous, often relating to the need to communicate the results of scientific research or to visualize and analyze data in the first place. As researchers produce an abundance of posters, figures, data plots, etc., many opportunities for graphic design are given. New symbols and other forms of expression have to be found for phenomena on micro and nano scales, inside living organisms or even on distant planets.
The importance of visual literacy in science has a long-standing tradition: more than three centuries ago, René Descartes declared that "[i]magination or visualization, and in particular the use of diagrams, has a crucial part to play in scientific investigation" (in: Trumbo, 1999, p. 409) . Recent academic interest has resulted in a volume of work published throughout the 2010s, starting with a guide to designing scientific figures (Rolandi, Cheng, & Perez-Kriz, 2011) and continuing with studies of visual science communication (Chen, O'Mahony, Ostergren, Perez-Kriz, & Rolandi, 2014; Rodriguez Estrada & Davis, 2015) . With the Design Help Desk, the University of Washington offered graphic design support to scientists and engineers. In parallel, a study by the same team found that a redesign of scientific figures according to graphic design principles had a positive impact on the reader's perception (Cheng & Rolandi, 2015) .
Design drawings and renderings are useful tools to illustrate how new technologies developed in an academic environment could be used in products of the future. This application was explored in the Design in Science (Driver et al., 2012 (Driver et al., , 2011 and DesignSeed (Acklin & Wanner, 2016 initiatives, in which designers created materials such as renderings of potential applications for a biophotovoltaic device (Driver et al., 2012) and a gynecological measuring device (Acklin & Wanner, 2017) , thus supporting the imagination of stakeholders for these science-based products and creating means of engagement with audiences outside academia through symbolic depictions of the artificial.
Second order
Second-order design is the design of physical objects, which is often associated with product design and engineering design, but not exclusively so (Buchanan, 1992) . Collaboration between scientists and designers has been carried out in the field of bio-design, which offers opportunities for designers to work with and create new materials and methods for manufacturing. An example of the outcome of such a collaboration is algal bio-ink, a liquid containing algal cells that can be printed using an inkjet printer, after which the cells will grow in the patterns in which they were deposited (Sawa, 2016) .
Two major initiatives linking product design and science have been written about recently, namely the Design in Science and the DesignSeed studies (see section on first-order design above), in which teams of designers worked with academic inventors and groups. Design here is understood in the sense of what makes a product become tangible and usable. Many definitions have been attempted, and one that captures this meaning is "'Design' is what links creativity and innovation. It shapes ideas to become practical and attractive propositions for users or customers. Design may be described as creativity deployed to a specific end" (Cox, 2005, p. 2).
On the practice side, the design teams of both initiatives produced tangible outcomes including models and fully functional prototypes of science-based new products such as a novel fluid handling device. In the Design in Science project, the researchers were motivated to explore how designers might contribute to early-stage scientific research (Driver et al., 2011) . DesignSeed, on the other hand, laid focus on startup ventures based on technologies stemming from scientific research (Acklin & Wanner, 2017) . On the research side of these studies, the authors created models of processes in design-science interaction that may give clues for thirdand fourth-order integration, e.g. through an overview of stakeholders and their relationships (Acklin & Wanner, 2016) .
Third order
Third-order design can be understood in different ways: in one sense, it is service design (Buchanan, 1992) . This meaning was adopted in the DesignSeed study and touched upon in one of its practice cases, where a group of bio-technicians were trying to decide whether to use their technology of culturing cells in biopolymer scaffolds as the basis of a product or a service (Acklin & Wanner, 2016) . Beyond the service design definition, the third order also spans other processes, activities, and actions as per Buchanan's (1992) original delineation. For instance, Cheng and Rolandi's (2015) Design Help Desk for graphic design resulted in firstorder outcomes while additionally creating third-order opportunities for designer-scientist interaction.
The process of scientific research itself can become the subject of design activities: in a collaboration between design consultancy IDEO and a biology laboratory at the University of California -San Francisco, Design Thinking was used to generate new ideas for research avenues in synthetic biology and to create a "safe space for uncertainty" (Bernstein, 2011, p. 497 ) that supports scientific exploration. This collaboration was one out of several within the Synthetic Aesthetics project, in which short-term residencies shared between designers and synthetic biologists across the world were formed. For a duration of two weeks each, the designer would take up residence in the laboratory, and the biologist would later also spend time in the designer's studio while working on a joint project (Ginsberg, Calvert, Schyfter, Elfick, & Endy, 2014) . Golsby-Smith (1996) suggests that "[i]n the third order, the designer decides that the client will benefit from an earlier intervention of design thinking, at a more strategic and crucial time" (Golsby-Smith, 1996, p. 12) . For instance, these early interventions take place in the United Kingdom as part of the Design Council's 'Design support for science and technology innovation' initiative, where scientists can benefit from support sessions through design associates, i.e. design management experts who coach academics on product design (Design Council, 2014) . Participatory workshops on design were also among the collaboration formats facilitated by the DesignSeed initiative (Acklin & Wanner, 2017) . These services touch upon the strategic aspect of design in science and additionally move towards the fourth order, which can be considered to apply once a transfer of skills is involved (Golsby-Smith, 1996) .
Fourth order
Fourth-order design deals with systems and environments, and how human beings integrate into these (Buchanan, 1992) . Design of this highest order is evident when skills are being transferred (Golsby-Smith, 1996) , examples of which can be found in design and engineering education. Programs e.g. in the fields of human-centered product development (Vajna, 2014) and biomedical engineering (Yock et al., 2015) rely on multidisciplinary teams working together on current real-life challenges.
Design labs existing at several universities may also be considered to fall into the fourth order, since they are a lasting system or infrastructure connecting design and science. These labs are spaces for creative exploration connected to major universities such as Massachusetts Institute of Technology (MIT) with its long-running Media Lab (Simeone, 2016) and Harvard University with the Biodesign Lab, which has a multidisciplinary team of designers, engineers, and medical researchers working on wearable robotic devices, among others (Biodesign Lab, 2018). These labs and the translational activities undertaken by their participants provide a glimpse at the potential of interweaving design and science.
Similar to Bason (2010) calling for an innovation ecosystem in the public sector, the conceptual move from a design-in-science system to an ecosystem is easily made. The biological image is used by Sawa (2016) , who refers to the interaction of designers and scientists by saying that "the role of a designer in scientific research should be more endosymbiotic with the designer physically located within the laboratory" (Sawa, 2016, p. 71) . Analogously to endosymbiosis, where one organism lives within another with possible mutual benefits, winwin situations could be created with designers embedded in the scientific research environment. As Rust (2007) notes, designers' ideas can spring from simply being present and "dwelling in the situation" (Rust, 2007, p. 72) . However, such a cultural shift depends on the building of a community that is interested in translating design practices to scientific applications (Yajima, 2015) .
Placement of research activities
This section outlined initiatives at the DTS intersection from a variety of sources, including anecdotal reports of collaborative projects to account for the challenge that few studies have been conducted on the impact of design in academic research (Moultrie 2015) . In the field of industrial design, Peralta and Moultrie (2010) stress that despite there being few literature sources, practice examples of design-science interaction can be found. However, information on these is not easily accessible . Based on materials that are accessible, this section demonstrated that initiatives at the DTS intersection span all four orders of design. Out of the projects introduced in each section of the FOD, Table 1 summarizes initiatives that include a design research component, e.g. with respect to designer-scientist interaction. Contribution of design and designer-scientist interaction to synthetic biology
As Table 1 shows, research on design in science covers the FOD spectrum. In addition, further results are to be expected from a pilot study on the impact of designers in academic high-tech startup teams, which was supported by the German Federal Ministry of Education and Research and concluded in 2018 (Fraunhofer IAO, 2019; Sinell, Brodack, & Denef, 2017) . By observing Buchanan's theory of a progression through the four orders in the history of design, one may anticipate a trend for the design field to move more firmly towards the third and fourth orders not only in industrial organizations, but also within academia. This status quo gives the design community the opportunity of expanding this niche in the creation of an innovation ecosystem that draws upon the wealth of scientific discoveries, and to move towards a more strategic understanding of design in science. By translating approaches such as human centeredness (e.g., Vajna, 2014) and participatory design (e.g., Bogers & Horst, 2014) to scientific design applications, design management across the FOD can help break out discoveries and inventions to users inside and outside of academia.
Towards fourth-order integration of design in science
Design management "embeds design or design processes in companies in order to create added value in products, services, experiences, processes, and structures" (Acklin & Wanner, 2017, p. S471) . In this section, directions for further design research and areas of interest for design management are outlined, including investigating designers' roles in the academic research environment and addressing prerequisites for collaboration at the DTS intersection. Some of these factors, being particular to the scientific enterprise, provide examples of contexts in which design integration starts touching organizational values. As Golsby-Smith (1996) explains, values and culture are an expression of the fourth order of design.
Opportunities for design integration in an academic innovation ecosystem
In their analysis of future avenues for design in science, Driver et al. (2012) suggest three options for creating design support: firstly, there could be a centralized design service at universities to match the centralized technology transfer office (TTO, also known as technology licensing or valorization office). Secondly, funding proposals could specifically include design work and be filed jointly by scientists and designers. Thirdly, research councils could provide allowances for design contractors to work on scientific research projects (Driver et al., 2012) . Design thus has the potential to integrate both as a design service and as co-design.
An initial suggestion for designers' roles is the engagement as a design supplier, a design consultant, and a team researcher, where the design supplier has the lowest level of integration into scientific research, while on the opposite end of the spectrum, the team researcher is firmly integrated starting from a stage as early as the conception of research questions (Peralta, 2013) . Future research could add new insights on this subject and consider additional roles such as the individual researcher who is motivated by an own research question.
An example of an individual researcher is bio-designer Sawa (2016) , who explored the option of working from within a scientific team on an independent, long-term project of designing an application for printable algae (see section Second order). Conversations with the collaborating scientists allowed her to acquire biological and technical knowledge as well as advance her research work in unexpected directions (Sawa, 2016) . Other options besides being embedded in the academic environment in a spatial sense could be discussed by the design community, e.g. a co-design approach around shared solutions. Such a systemic perspective could ultimately catalyze science-based innovation (Yajima, 2015) .
At a level beyond designers and scientists as individuals, professional design and design management societies can facilitate the interaction. The Design Council demonstrated the feasibility of this pathway in its training program 'Design support for science and technology innovation' (see section Third order) by working with universities in the UK to coach scientific teams to apply divergent thinking approaches and to develop prototypes employing new technologies from their research (Design Council, 2014) .
A strategic position for designers and design managers could be in technology transfer offices and the multitude of incubators, accelerators and mentoring programs helping to drive innovation stemming from academia. Currently, these programs offer support in entrepreneurial aspects such as financing, intellectual property and project management (Gehr & Garner, 2016) , but design is rarely found on the curriculum. Here, upstream design integration has the potential to enable easier interfacing with stakeholders, e.g. by making boundary objects available early on in entrepreneurial processes (Simeone, 2016) , as well as pursuing a highly user-centric approach to technology transfer while still in the academic environment rather than an industrial environment. Another beneficial consequence of early design integration would be access to knowledge and knowledge transfer. For example, the design community can benefit from cutting-edge technologies, materials and methods for manufacturing, including nanotechnology and bio-printing. As designers get to know technological boundaries, they can start translating new technologies into use and pave the way for them to become more widely known.
Prerequisites for design integration
As the DTS intersection is a crossing of disciplines, perceptions both of oneself and of one another may stand in the way of collaboration. On the topic of self-perception, Driver, Peralta, and Moultrie (2010) find that scientists consider themselves to be doing certain types of design as their work routinely involves designing experiments, circuits, surveys, and clinical trials, among others. Regarding the topic of perception of the other, the view of designers as stylists may still be prevalent, with a low awareness on the science side of the added value that design can bring (Driver et al., 2010) . While these observations are the result of an early exploratory study and require more detailed investigation on a quantitative basis, they highlight the importance of perceptions as a potential factor influencing collaboration. On the one hand, projects at the DTS intersection are at a risk of appearing to draw attention away from the dissemination of knowledge and may thus encounter an ethical challenge, especially if they are geared towards the commercialization of research (Hudson & Khazragui, 2013) . On the other hand, a positive impact on scientific practice is possible, since the envisioning of research applications by designers can serve as a source of motivation for scientists (Sawa, 2016) .
On the design side, designers may not yet be aware of the untapped potential for design work in the academic environment and for different levels of involvement that are possible as outlined above. Here, design education itself is a potential enabler of new ways of design integration. Besides having multidisciplinary teams and working on practice applications in the academic research environment, design programs could also benefit from communicating particular needs regarding the scientific publishing and funding system to future designers who may encounter these in their work.
Funding to enable collaborative projects and workspaces at the intersection between design and science is a key prerequisite and "the critical barrier to be overcome" (Driver et al., 2012, p. 127) . Once design potential has been demonstrated e.g. through prototypes, these can help secure further funding and investment (Sinell et al., 2017) . In the absence of joint funding, designers have to be prepared to be the drivers of the collaboration (Sawa, 2016) .
In terms of adapting design practices for the DTS intersection, Driver et al. (2012) find that for projects conducted with the involvement of both designers and scientists, the design process should include a phase of clarifying technical scientific terms in advance of the definition of a design brief. This stage is introduced as a translation phase to develop a shared language and understand abstract concepts (Driver et al., 2012) . It is debatable, however, whether this stage needs to be defined as an add-on to the design process or whether it is implied that any phase of design concerned with understanding the design problem requires a clarification of technical terms. The nature of the translation phase could thus be a subject of interest for further investigation. Design itself presents a solution to questions of communication in the academic research environment through prototypes and other forms of creating tangibility (Moultrie, 2015; Simeone, 2016; Sinell et al., 2017) .
Conclusions
The important role of the DTS intersection in fostering innovation has been recognized by the design research community and has been the subject of various studies that formed the basis of this literature review (e.g., Acklin & Wanner, 2017; Simeone, Secundo, & Schiuma, 2017) . This paper contributes to an overview of current activities at the DTS intersection by including new studies that took shape since the most recent literature review on collaboration between designers and scientists . These new materials include a stronger focus on academic entrepreneurship and driving innovation through design (Acklin & Wanner, 2017; Simeone et al., 2017) while spanning further design professions such as graphic and service design.
By linking existing initiatives to each of the four orders of design in the first part of this paper, it was shown that design is able to contribute to the scientific world on all four orders. The communication and materialization skills required in the first and second order can improve the understanding of highly technical scientific results and support user-centered development of new science-based products, while the higher orders may offer motivation to those studying elusive phenomena and build a creative environment supporting open-ended research.
Despite this evidence that the DTS intersection holds opportunities for designers and design researchers alike, reported initiatives are often exploratory and first-of-their-kind at a particular research institution. This status may reflect what Bason (2010) refers to as random incrementalism in public-sector innovation. For a more strategic and integrated view of design, further research is required on how to initiate and sustain collaboration on all four orders of design. Topics of interest include the roles of designers, awareness and perceptions, financing and institutional support as well as a design process based on mutual understanding. If there is a progression along Buchanan's orders as it is happening in the design field at large, then more widespread initiatives with respect to third-and fourth-order design should be expected in the future.
In order to gain knowledge on practice projects that are hidden from the outsider's view and currently inaccessible in the scientific literature, ethnographic and action-based research strategies can be used. For instance, Simeone et al. (2017) conducted an ethnography-inspired investigation of MIT's Senseable City Lab, one of the above-mentioned design labs, as part of the Design Moves study (see section Fourth order). Action research (e.g., Ottosson, Björk, Holmdahl, & Vajna, 2006) , which was chosen as a research strategy in the DesignSeed project by Acklin and Wanner (2017) (see section Second order), is valuable in two ways: firstly, it enables the researcher to gather relevant information from within an organization to place design integration on solid foundations. Secondly, in the process, the action researcher may him-or herself act as a catalyst for design innovation (Price, Wrigley, & Matthews, 2018) , leading to direct consequences in practice.
Certain prerequisites for successful DTS projects have already been identified, as outlined in the second part of this paper, resulting from designers' and scientists' endeavors to establish interdisciplinary projects. These insights pave the way to move from an ad-hoc use of design at an unmanaged level, which Westcott et al. (2013) call heroic efforts, to strategic integration of design capabilities supported by design management. In doing so, there is access to a multitude of design challenges that are highly relevant to society. These challenges include environmental sustainability, the development of novel therapeutics and other wicked problems (Yajima, 2015) . In new collaborations, the design community can thus support scientists in making the impact of their work directly visible and envision symbols, products, interactions, and systems of the future based on academic discovery and invention.
